ABSTRACT FIELDS, M. L. (University of Missouri, Columbia). Environmental stresses on spore populations of Bacillus stearothermophilus. Appl. Microbiol. 12:407-411. 1964.-Heat-shocking spores at 110 C in 20% sucrose solutions decreased the percentage of the rough variant in a mixed population (rough and smooth variants) of strain M. Heat-shocking spores of the rough variant of strain NCA 1518 in 20% sucrose produced a decline in the number which germinated, whereas the smooth variant of strain NCA 1518 increased in the number which germinated. By the use of phase microscopy and plate counts, from the same incubated spore suspension in distilled water, heat-induced dormancy was demonstrated at 52 C. Dormancy also occurred in 20% sucrose solutions when held at room temperatures. Heatshocking spores of strain M in 20% sucrose solutions and plating immediately after 24-and 48-hr holding periods at 25 C produced a decline in the total population with the percentage of rough variant increasing with time. A second heat shock produced only an increase in the rough variant.
Bacterial endospores are not inert bodies in the dormant state, but were shown to have active enzymes (Church and Halvorson, 1955) without detectable germination. Black et al. (1960) showed that nongerminated spores took up glucose. Since this has been established, one may ask what influence various environmental stresses would have on spores. The environmental stress or force of sublethal heat was first shown to have an influence on spore population by Curran and Evans (1947) .
Research in our laboratory has shown that environmental stresses do have an influence on the number of spores of Bacillus stearothermophilus that will germinate. Finley and Fields (1962) confirmed the finding of Brachfeld (1955) and Titus (1957) that spores of B. stearothermophilus were activated at temperatures greater than 100 C. Finley and Fields (1962) also showed that heat-shocking in phosphate buffer reduced the germination and outgrowth of spores of B. stearothermophilus when compared with heat-shocking in distilled water. Fields (1963) demonstrated that the spore suspensions used by Finley and Fields (1962) were heterogeneous populations which were made up of rough and smooth variants. These variants had different temperatures of activation and different heat resistance. The use of a mixed population offers many interesting possibilities. For population which consists of rough and smooth variants has the advantage of having spores which were developed in the same environment, and which can also be subjected to the same environmental stresses at a later date. It was for this reason that a mixed population of strain M spores was used in this research.
The experiments reported herein were based on a mixed population (rough and smooth variant) and on homogeneous populations of rough and smooth variants. These experiments were designed to study some of the environmental stresses of sublethal heat and osmotic pressure and to test a proposed hypothesis concerning population responses to environmental stresses.
MATERIALS AND METHODS
Spore suspensions. The growing, cleaning, washing, and general preparation of spores used in this study were reported previously (Finley and Fields, 1962; Fields, 1963) .
Preparation of suspending menstrua. Sucrose solutions (20 %) were prepared and sterilized in 9-mil quantities. Distilled water in 9-mil quantities was sterilized for use as controls.
Heat activation. The heat treatments (temperatures) used previously by Finley and Fields (1962) and by Fields (1963) were used in this study. A mixed spore population (rough and smooth variants) of strain M and the smooth variant of strain NCA 1518 were heat-shocked at 110 C at 2-min intervals after "come-up-time" in one experiment. In another experiment, the spores of the smooth variant and M strain spores were heated at 110 C for 6 min, while the spores of the rough variant were just brought to the temperature of the oil bath or the "come-up-time" which was 9 min. Each suspension was added to 9-ml quantities of the heating menstrua.
Enumeration of the spore population. Enumeration of the viable spores was performed by plating a 1-ml quantity of the suspending menstruum which contained 50 to 75 spores per ml (unheated) with Dextrose Tryptone Agar (Difco). Four replicate tubes were used per treatment. All plates were incubated at 52 C for 48 hr. The plates of strain M were counted, and then the percentage of rough and smooth variants was determined by viewing the plates at 45 X magnification. Rough and smooth variants were held for 17, 50, and 68 hr at 25 C in distilled water and in 20 % sucrose solutions. The suspending menstrua were then transferred to an incubator set at 52 C for 19.5 hr, followed by a storage period of 72 hr at 4 C in a refrigerator. The spores were then heat-shocked at 110 C. The reaction of spores of strain M to a heat-shock and to an incubation period at 25 C for 24 and 48 hr, followed by a second heatshock, was studied in another experiment.
To investigate heat-induced dormancy, a spore suspension containing 185 X 104 rough variant spores (plate count of heat-nonshocked spores) and a spore suspension containing 66 X 104 smooth variant spores (plate count of heat-nonshocked spores) were used. These suspensions were plated out, and also were viewed with a dark-field phase microscope. Darkened spores were considered to be germinated (Campbell, 1957 ). The spores were tested again after incubation to determine the number germinating by viewing under a phase microscope and then were plated out.
RESULTS AND DIscussION the greatest increase in spore germination occurring at 16 min.
The composition of the spore population which germinated is shown in Fig. 2 . At zero time, the composition of the population had changed from the original 64 % to 40 % of rough and then to 20 % at 2 min at 110 C. The composition remained constant at 20% rough for the remainder of the heating times at 110 C. Thus, there was a reduction of 44 % in the rough variant. Since there was an increase of 225 % in the total number of spores which germinated during the first heat-shock at 110 C for 16 min, the increase in the number of spores which germinated was the smooth type. These data are in agreement with previous research (Fields, 1963) .
Portions of the same spore suspensions were heatshocked in water and in 20 % sucrose. The influence of the sucrose solution can be determined by comparing the Effect of heat-shock followed by holding period. Figure 1 shows the influence of heat on spores in distilled water, followed by a 24-and 48-hr holding period. The spores were then heat-shocked for a second time. The data were converted into the percentage of the unheated control, or all plate counts were related to the fraction of the spore population not needing a heat treatment to germinate. This fraction, 50 to 75 spores per ml, was considered to be 100 %. All values above 100% indicate activation, whereas values less than 100% indicate deactivation. The original composition of the spore population which germinated without a heat-shock consisted of 64 % of the rough variant and 36 % of the smooth. The data show that original heat-shock in distilled water produced an increase in the total number of spores which germinated when heated at 110 C, with Fig. 4 .
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curves for the first heat-shock in Fig. 1 and 3 . During the heating period of 2 to 12 min, there was an average of 42 % greater plate counts after the spores had been heat-shocked in 20 % sucrose solution than in the distilled water. A comparison of 14 min of heating shows that there was only 12.5 % difference, with the counts from distilled water being higher. At 16 min of heating, the distilled-water counts continued to be higher than the 20% sucrose counts by 94 %, whereas at 18 min of heating the counts were only 50 % higher than the 20 % sucrose counts.
The composition of spore population which germinated after the heat-shock in 20 % sucrose is shown in Fig. 4 What influence does time after the original heat-shock have? The total number of spores which germinate after 24-and 48-hr holding periods, as well as the composition of these populations, are given in Fig. 1 to 4 . Both in distilled water and in 20 % sucrose, the total populations decreased, while the percentage of the rough variant increased. If the total population decreased and the per cent rough variant increased, what happened to the smooth variant spores in the population after the first heat-shock? Apparently, the spores of the smooth variant gerninated, since these spores could not be recovered with the second heat-shock. The second heat-shock only produced a further decrease in the total population, with an increase in per cent rough variant. Some spores, as shown by Curran and Evans (1947) , could be reactivated after a hold period, but they could not reactivate the true thermophiles.
Effect of holding period followed by heat-shock. The results of the experiment in which spores were held in distilled water and 20 % sucrose prior to a heat-shock are given in Tables 1, 2 , and 3. The total spore population, as based on plate counts, decreased with storage time, both in water and in sucrose solution (Table 1) .
At the storage temperature of 25 C, there was 21.9% (41.4 to 19.5 %) less decrease in the total population when the spores were held in 20 % sucrose than when held in distilled water. Comparing the 68-hr storage at 25 C and the 19.5-hr storage at 52 C in 20 % sucrose, there was a 26.1 % (45.6 to 19.5 %) decline, whereas in distilled water there was a decline of only 11.8 % (53.2 to 41.4 %). These data indicate that for strain M spores sucrose prevented a rapid decline in the total population at 25 but not at 52 C. The per cent rough variant in the population was about the same either in distilled water or in sucrose during the 25 C storage period. However, when the spore suspensions were heated at 110 C for 6 min, there were 9.3 % (21.4 to 12.1 %) fewer rough variant spores after the heat treatment in 20 % sucrose than in distilled water. The heat-shock in 20 % sucrose reduced the per cent rough variant spores in the population, and produced a 120 % increase in the number of spores that germinated, whereas the heat-shock only produced 82.9 % increase in the total population in distilled water. This, like the preceding experiments, also supported the hypothesis (Fields and Finley, 1963) that sugar can alter the percentage of rough variant which will germinate in a heterogeneous spore population at a given time and temperature. The data on the rough variant of NCA 1518 are given in Table 2 . Again, there was a decline in the total population both in water and in sucrose. After 68-hr storage in distilled water, the population had decreased 35.7, whereas in sucrose the population had declined 12.8 or a difference of 22.9 % between 20% sucrose and water. Storage at 52 C for 19.5 hr produced only a 3.3 % difference between the spores held in water and in 20% sucrose. When heatshocked in water, a 61.4 % change (71.9 to 10.5 %) was produced in the number of spores that germinated after storage in distilled water, as compared with the per cent which germinated at the end of the 72 hr at 4 C. There was a 78.5 % change (79.4 to 0.9 %) in the number of spores that germinated after the heat-shock in 20 % sucrose solution, when compared to the per cent which germinated at the end of the 72 hr at 4 C. Heat-shocking in sucrose caused 9.6 % (10.5 to 0.9 %) more spores to gerninate than when spores were heat-shocked in water. Regardless of the suspending menstruum, there were no plate counts greater than the unheated control. Table 3 shows the data for the smooth variant of strain NCA 1518. The plate counts of spores suspended in sugar decreased during all storage periods, whereas in water a decrease occurred only after exposure to 52 C for 19.5 hr. There was less variation between the 68-hr holding period at 25 C and the 19.5-hr hold at 52 C in sugar and in water for the smooth variant of NCA 1518 than there was with the rough variant of NCA 1518 and with strain M in the same menstrua. Heat-shocking the suspensions at 110 C for 6 min produced a 14.5 % (49.2 to 34.7 %) increase in the counts in 20 % sucrose as compared with the counts in distilled water. In this experiment, the heat plus osmotic pressure forced 14.5 % more spores to germinate.
If one compares the reactions of the two variants of strain NCA 1518 to heat and to high osmotic pressure, the rough variant (Table 2 ) decreased during all hold periods both in distilled water and in 20% sucrose solutions, whereas the smooth variant (Table 3 ) decreased in 20 % sucrose solution at all storage periods but decreased in distilled water only after 19.5 hr of storage at 52 C. It would appear that population changes due to heat-induced dormancy occur during the storage periods investigated at 25 C for the rough variant but at a slower rate than at 52 C. Since these changes occurred without any heat treatment except the storage temperature of 25 C, heat-induced dormancy as well as heat activation is temperaturedependent. These data again confirmed the occurrence of heat-induced dormancy which was reported previously by Brachfeld (1955) , Finley and Fields (1962) , and Fields (1963) . The fact that there was a greater increase in the number of spores which germinated after the heat-shock of all suspensions in 20 % sucrose solutions, when compared with spores of the same suspension in distilled water, suggests that "osmotic pressure" during the heat-shock had an influence on spores in the dormant state. There appeared to be no effect of osmotic pressure at 25 and 52 C. The results of heat-shocking during this experiment complement the experiment previously described ( Fig. 1 and 3 , first heatshock). In explaining the effect of carbohydrates in phosphate buffer on the germination of spores of B. stearothermophilus, Fields and Finley (1963) suggested that osmotic pressure could influence certain portions of the rough vari- Effect of holding at 52 C with no heat-shock. The results of the experiment in which heat-induced dormancy was evaluated by two methods are given in Table 4 . The methods which were used to determine germination were darkening of the spores when viewed under a phase-contrast microscope and heat lability, both of which correlate well (Campbell, 1957) . The data show that the rough variant of strain NCA 1518 increased 8.9 % in dark spores over the control when stored for 20 hr at 52 C, whereas the plate counts decreased from 185 X 104 to 15 X 104, or a decrease of 91.9 %. The smooth variant decreased from a plate count of 66 X 104 to 68 X 103, or a decrease of 89.7 %. The percentage of spores which darkened in the smooth variant during the incubation at 52 C was 5.8 %. The data indicate that since the percentage of spores germinating, as indicated by darkening under phase microscopy, was small, the majority of the spores "not needing a heat shock" or the "active fraction" underwent heat-induced dormancy. This method of using heat-nontreated spores was used, since a heat-shock following a holding period at 52 C had been used previously (Fields, 1963) to demonstrate that numerous viable spores were still present, and counts greater than unheated control could be obtained with the smooth variant (Table 3) . One could give a counter argument that such a heat-shock treatment was really not activating the same portion of the population that was said to be in dormancy, but rather another portion. To eliminate that possibility, all plate counts were made on heatnonshocked spores. The data in this experiment confirm earlier research (Brachfeld, 1955; Finley and Fields, 1963; Fields, 1963) , and the results of the previously described experiment showing that spores may be induced into dormancy.
These experiments demonstrate how environmental stresses such as temperature, osmotic pressure, and time after heat treatment have an influence on the number of spores which germinate and the kind of variants which will germinate. Brachfeld's (1955) data with strain NCA 1518 also showed a decline in the number of spores which germinated after a heat activation at 105 C. He could not demonstrate reactivation of heat-treated spores after a storage period of 20 days at 42 F. The results of this study are in agreement with Brachfeld. Pearce and Wheaton (1952) demonstrated that flat, sour spore counts decreased in number when canned food was stored below the growth range of the thermophile. These workers used the term "autosterilization" to describe the decline in counts. The decrease in the counts, when the spores are heat-shocked and held below their growth temperature, as in this research, would correspond to the "autosterilization" of Pearce and Wheaton (1952) . The terms "autosterilization" and "heat-induced dormancy" are not the same effect. Autosterilization occurs after a heat-shock or heat treatment, whereas heat-induced dormancy occurs after the spores have been subjected to normal growth temperatures. Heat-induced dormancy was observed when the spores were held in distilled water and in sugar solutions in this research. Our data confirm previous findings that the rough and smooth variants undergo heat-induced dormancy (Fields, 1963) . Spores of B. stearothermophilus can be activated from the heat-induced dormancy, but they can not be activated while they are undergoing autosterilization.
